Abstract In this review, the dissemination of bacterial pathogens in natural waters and the mechanisms of their transmission in drinking water, and the role of water-associated biofilms for their survival or growth are discussed. The current state of the studies on biofilm-formation potential of the emerged pathogens in drinking water and the role of interspecies interactions for attachment and survival of pathogenic bacteria in the biofilm community is summarized. The contribution of the biofilms for increasing antimicrobial resistance of pathogens is discussed.
Introduction
Biofilms are attached microbial communities, ubiquitous in natural waters and purified drinking water [1, 18, 34, 36, 72] . Biofilms in drinking waters are object of increasing scientific interest during the last two decades because they represent one of the factors for deterioration of the bacteriological quality of drinking water, however, the provision of clean and safe drinking water in sufficient quantity is a basic human right [19, 43, 76, 77, 79] .
While the problems of choosing a drinking water source and technologies for drinking water purification and disinfection have had their optimal solutions, the biofilms that develop on the surface of pipelines and facilities in contact with drinking water still are object of scientific inquiry [20, 47, 63, 68, 69, 75] . Biofilms provide favorable conditions for settlement and survival of bacteria, including pathogenic bacteria, that can enter the drinking water as a result of erosion and sloughing of the biofilm and can pose a health risk during water consumption and cause social and economic damages [18, 27, 36, 37, 72] .
Transport and dissemination of pathogens in water
Microbial pathogens enter the surface water through different point and diffuse sources of pollution, such as agricultural runoff, discharge of partially treated or untreated sewage water, septic tanks, excrements of wild animals, birds and livestock [25, 32, 40, 41] . Subsequently they can attach and accumulate in bed sediments and in flocculated (suspended) sediments, i.e. flocs, which can be transported by the river flow, especially during heavy rains and floods. The settling of the flocculating particles assists accumulation of pathogenic bacteria and viruses in the bed sediments [24, 40] . The transport of pathogens by suspended sediments affects the quality of water for drinking purposes, irrigation and recreation, and owing to the potential effects on human health could have substantial impact on economic and recreational activities in riverside areas [23, 24] .
A variety of biological, physical and chemical factors determine the fate of pathogenic bacteria in aquatic ecosystems. It is found that the different pathogens, even strains of one and the same species, have a different capability to survive and persist in the water column and sediments [13, 40, 74] . Comparative studies indicate that the density of pathogens in the bed sediments is several orders of magnitude higher compared to the water column, and that pathogen survival in sediments is much longer [48] . The analyses of E. coli, Salmonella spp., Vibrio spp. reveales a greater abundance in the sediments than the water column and larger number of culturable bacteria in the suspended sediments in comparison with the surficial bed sediment fractions [13, 40] . The association of pathogens with the flocculating particles of the suspended sediment provides environment and means for their survival and transportation, as the secreted extracellular bacterial polymers, which constitute a significant portion of the flocs, play an important role in their capture and attachment [13] . These data support the paradigm that the association of pathogens with the sediment particulates enhances their survival and circulation in aquatic environment.
Identifying the sources of pathogenic contamination in natural waters is difficult due to diffuse nature of discharges, transiency of the loads and fluctuations caused by the processes of transport and transformation. Furthermore, the significant interactions between microorganisms, nutrients and particulates that occur in the water column complicate the predicting the fate and potential infectivity of the human and zoonotic pathogens [40, 74] . As a result of co-flocculation with organic matter and mineral particulates in water the pathogens become potentially more protected against the biotic stress (i.e. predators) and abiotic stress (e.g. UV, temperature). The flocs contain and retain nutrients, allowing survival/growth of pathogens and their transmission via deposition on the banks or forming stable bed sediment. As a result of natural disasters (storms, heavy rains and floods) the bed sediments can be re-mobilized and can release pathogens back in the water column quite long after the climatic event [40, 74] .
The enteropathogenic bacteria E. coli O157 is frequently found in the intestines of healthy cattle and ruminants that can contaminate surface waters and irrigated lands by their excrements or because of the pathogen mobilization in the runoff waters from pasture [11, 25, 26] . Campylobacter coli and Campylobacter jejuni are ubiquitous in surface waters affected by agricultural activities or discharge of waste waters [9, 32, 25, 26] . Since the thermophilic and microaerophilic nature of campylobacters and their sensitivity to environmental stress limit their growth and survival in water, the changes in their number in water are due to the contamination by poultry and livestock. The sewage is the main source of campylobacters in natural waters, while ground waters provide favourable conditions for their survival [26] . The data of Jokinen et al. (2011) confirm the potential sources of pathogenic contamination in natural waters and demonstrate more frequent isolation of Campylobacter spp. from faeces, sewage and river water compared with Salmonella spp. and E. coli O157:H7 [25] .
The enteropathogenic bacteria Yersinia enterocolitica also enter the water as a result of faecal contamination by wild animals, mammals and birds [30] . Because of its resistance to low temperatures Y. enterocolitica cells survive in natural waters for several weeks, which is a longer compared to the E. coli survival time [71] .
Atypical (non-tuberculous) mycobacteria are inhabitants of various aquatic ecosystems unlike the tuberculous mycobacteria, which are not transmitted via the water. The term "Mycobacterium avium complex" is generally used to describe a pathogenic non-tuberculous mycobacteria, including M. avium and M. intracellulare. The tolerance to disinfectants as chlorine and ozone and a higher temperature allows their survival during the water treatment process and determines their detection in drinking water supply systems and building installations. In natural waters, atypical mycobacteria most often are found during the summer months, while in drinking water supply systems they are detected mainly in the hot water installations and in the most remote pipeline parts [33, 40, 63, 64] .
Legionella pneumophila is ubiquitous in surface waters because of its tolerance to environmental stress (the temperature from 5 to 63°C; pH from 5 to 9.2, proliferation at temperature from 20 to 42°C) and capability to adapt to different ecological niches [38 , 69, 79] . L. pneumophila, M. avium, Ps. aeruginosa, St. aureus are natural aquatic inhabitants and since the faeces are not their common source, E. coli is not appropriate indicator of their presence in the water [38] .
Dissemination of pathogens in drinking water
Untreated natural waters are reservoir of obligate pathogenic bacteria and opportunistic ones, such as Aeromonas sp., Acinetobacter spp., Bacillus cereus, Flavobacterium spp., Moraxella sp., Pseudomonas spp., which enter the drinking water as a result of inadequate water treatment for their removal, insufficient disinfection or recovery of the injured cells in the biofilms existing on the surface of pipes and equipment in the drinking water supply systems (DWSS) [7, 37, 72, 76] . Pathogens re-growth in drinking water, their survival or growth in waterassocited biofilms and the accidental contaminations of the water supply systems with untreated or fecal contaminated water due to leakage or mechanical damages of the pipelines are the main reasons for deterioration of the bacteriological water quality [34, 37, 38, 43, 68] .
It is well known that the obligate pathogens quickly lose their viability and virulence outside the host, can not multiply and decay over time, while the opportunistic pathogens as Mycobacterium avium, Legionella pneumophila, Pseudomonas aeruginosa and Aeromonas hydrophila are able to propagate in drinking water and may cause infections and diseases mainly of immuno-compromised people [33, 49, 61, 79] . The M. avium group and L. pneumophila are opportunistic pathogens, which found ecological niches in the drinking water and in the hot water supply systems [32] .
Zoonosis Shiga toxin-producing E. coli O157:H7 has emerged as an important food-borne or water-borne pathogen, as approximately 10% of the reported outbreaks are related to the consumption of contaminated drinking water from private wells or small water supply systems [11] . Viable cells of E. coli O157:H7 are isolated from water sources, which met all hygienic requirements for drinking water quality [57] . They survive long (from 14 to 64 days) depending on the content of protozoa and heavy metals in the water [2] . The survival and growth of Legionella pneumophila in drinking water are significantly influenced by the co-existing inhabitants of the microbial community [46] . Y. enterocolitica serotype O:3 is reported as a causative agent of infection disease owing to the consumption of raw water, while Y. enterocolitica serotype O:8 -as a result of the consumption of contaminated food or water [50, 71] . Campylobacter spp. are responsible for 14% of water-borne outbreaks of diseases in England and Wales, related mainly to private water sources.
The presence of Shigella sonnei in drinking water is associated with inadequate water treatment and disinfection. Notwithstanding the frequent occurrence of Pseudomonas aeruginosa in natural waters, its presence in drinking water is most often related to poor chlorination (because the pathogen sensitivity to disinfectant) [79] . Assessing the capability of the pathogenic E. coli O157, Vibrio cholerae and Ps. aeruginosa to grow in drinking water the authors found a poor correlation with the concentration of assimilable organic matter in the oligotrophic water environments, but a strong impact of the qualitative composition of the organic matter [70] .
Involvement of pathogenic bacteria in the drinking water-associated biofilms
Attached microbial biomass of the biofilms represents up to 95% of the active biomass in drinking water supply systems [19] . The biofilms in the DWSS are formed primarily by the autochthonous aquatic microflora without particular hygienic and health importance. [79] . Specific microenvironments in the biofilm structure, however, can provide niches for survival or prosperity of water-borne pathogenic bacteria, ensure protection against predatory protozoa and environmental stress, and create opportunities for cooperation and cell recovery of the bacteria injured through disinfection [19, 34, 37] . Detachment of bacteria from the biofilm matrix or sloughing of larger pieces of the biofilms may increase bacteria number in drinking water. In this way, biofilms can be a source of continuous bacterial contamination of the drinking water, including the dissemination of opportunistic, human and zoonotic pathogens [36, 37, 43, 72] .
The opportunistic pathogens Ps. aeruginosa, Legionella spp., Serratia spp., Klebsiella spp., Flavobacterium spp. usualy absent in drinking water, but can enter the DWSS due to accidents or inadequate chlorination. Although the tendency for their propagation seem limited, the specific conditions in domestic water supply installations, such as an increased ratio between contact surfaces and water volume (the S/V ratio), higher temperatures, longer periods of stagnation, type and age of pipe materials, can promote their attachment, survival and/or propagation in the water-associated biofilms [45, 46, 61] .
Ps. aeruginosa is a typical biofilm-forming bacteria, that is tolerant to different physical conditions, non-fastidious to nutrients and as a result can colonise almost any artificial surface. It is able to be primary colonizer, but can incorporate in already existing biofilms; may participate in formation of multi-species biofilms where may become dominant species [45, 79] .
In oligotrophic environment of the DWSS, the survival and reproduction of L. pneumophila depends on the partnership with microorganisms that ensure essential amino acids and organic carbon [45, 46, 61] . Therefore, multi-species biofilms are a perfect ecological niche for L. pneumophila and the pathogen can involve into the existing biofilms as secondary colonizer instead to attach to uninhabited surfaces. The free-living amoeba Acanthamoeba spp., Naegleria spp., Hartmanella spp. and other protozoa like ciliate Cyclidium spp. and Tetrahymena pyriformis are still considered to be a key factor in survival and proliferation of Legionella in environment, despite the ongoing discussion whether the biofilm-associated legionellas require protozoan host for their reproduction or can replicate independently. However, there are evidences, that the growth and biofilmformation of Legionella pneumophila can be inhibited by some Gram (-) bacteria, including Ps. aerugionosa, Ps. fluorescens, A. hydrophila, Burkholderia cepacia, Stenotrophomonas maltophilia [46, 61, 69] . The biofilm-associated legionellas can be released from the biofilm and contaminate water, as the infection is predominantly obtained by inhalation of contaminated aerosols from taps, showers or swimming pools.
Atypical mycobacteria M. avium can propagate in appropriate aqueous habitats, especially in the water-associated biofilms. In the DWSS, their number can increase due to the cleaning procedures for biofilm removal through flushing water or reverse flow [33, 49] . The mycobacteria are relatively resistant to disinfection and can occur in the DWSS with high residual chlorine content. Culturable cells of M. avium and L. pneumophila can survive in the biofilm at least from 2 to 4 weeks, even under turbulent flow conditions [38] . Norton et al. (2004) detected that the biofilm survival of M. avium is dependent on the type of material as a surface for attachment and the content of nutrients and disinfectant [49] . Torvinen et al. (2007) detected participation of atypical mycobacteria in the biofilms and loose deposits, as their number correlate with the content of assimilable organic carbon in water and it is the greatest in the distant pipe sections of the DWSS [63, 64] .
Aeromonas hydrophila is isolated from the biofilms in water supply systems for potable or recycled water and the number of attached cells depends on the biofilm biomass, despite the growth capability under limited nutrients content [6] .
The enteropathogenic E. coli O157:H7 can form biofilm over abiotic and biotic surfaces outside the host [29, 55, 67] , while the available information on Yersinia enterocolitica is quite limited. Novoslavskij et al. (2013) have not found significant difference in the biofilmforming ability of the 19 strains of Y. enterocolitica 4/O:3 bioserotype, which is a major causative agent of illness in Europe [50] . Helicobacter pylori cells present in drinking water associated biofilms in a viable but-non culturable state. This pathogen attaches better in mixed bacterial consortia compared to its single-species biofilm, which supports the assumption that the indigenous aquatic bacteria assist the pathogen embedment by providing a microaerophilic conditions and the binding biomolecules [15] .
Campylobacter jejuni attaches more readily to hydrophobic surfaces and its biofilm-forming properties depend on temperature, oxygen and nutrients contents [52] . The pathogen is detected in the water-associated biofilms in DWSS and watering systems in poultry farms, and its biofilm-forming capability is weaker compared to the ones of Ps. aeruginosa, E. coli and St. simulans. Campylobacter jejuni is secondary colonizer and has insignificant effect on development of mixed biofilms, although a quorum-sensing activity is detected during co-existence with certain bacteria. The pathogen showed high biofilm formation index in co-existence with Enterococcus faecalis or St. simulans [65] .
Bacterial interactions in the multi-species biofilms
Over a long period, the biofilm-forming capability of pathogenic bacteria attracted much more attention mainly in medical and food production fields than in water engineering, where most studies considered single-species biofilms [16] . Since biofilms in nature comprise a great number of microbial species, but it is known that the insights gained from the studies on their planktonic growth or single-species biofilms cannot readily be extrapolated to multispecies biofilm consortia, in the recent years there has been a shift in focus toward examining the complexity and interactions in multispecies biofilms [1, 14, 16, 53] . Substantial research efforts are directed at clarifying the social relationships and the driving forces in biofilm communities and at assessment the damages and benefits for individual species-partners in the multispecies biofilms. Laboratory examinations are carried out mainly with single-species of bacteria which were isolated from natural habitats -soil, natural and waste water, dental plaque and artificial implants [1, 54, 58] .
In biofilm, the attached bacteria are influenced by environmental conditions, as well as by diversity of the microbial species co-existing in the same habitat. It is found that there exist complicated interactions in the attached multispecies communities, which are based on cell-to-cell contacts, as well as on a set of metabolic products which are excreted in the environment. The members of the multispecies bacterial biofilm can affect each other in different ways: antagonistically (by competition for the substratum or by production of inhibiting substances), synergistically (by co-metabolism, induction of biofilm potential, increased resistance), as well as to remain neutral [8, 14, 16, 53] . Predominantly synergetic interactions are detected: higher biomass production by the multispecies biofilms compared to the corresponding single-species biofilms; predominance of one species in the biofilm consortium, but in obligatory presence of other species, so that a strong synergetic effect is achieved [54] . It has been shown that the intergeneric coaggregation may play a significant role in the multispecies biofilm formation. For instance, Acinetobacter calcoaceticus, which is weak biofilm producer, performs a bridging function in the multispecies biofilm formation in drinking water, while its absence results in a decrease of biofilm biomass [59] . Similar role is played by Sphingomonas natatoria in biofilms in natural waters [42] .
The conducted studies of interspecies interactions in biofilms are mainly based on the model of participation of the defined partners: It is also found that intra-and interspecies interactions have a profound influence on the development, structure and physiology of the mixed bacterial biofilms. For example, the participation of an E.coli O157:H7 strain in the mixed biofilm together with Salmonella enterica is dependent on the companion strain properties in terms of expression of EPS production [73] , and the adhesion of nonbiofilm-forming E.coli O157:H7 strains due to the biofilm-forming partner strains [67] . Klayman et al. (2009) found that a water-borne E.coli O157:H7 strain required a colonizing partner since planktonic cells were unable to attach alone, but were able to coadhere with P. aeruginosa and attached easier to the surfaces precolonized with Ps.aeruginosa [29] . There are data that biofilm formation potential of Campylobacter jejuni is strain specific and relies on the bacterial populations in the mixed biofilm community, which prolongs pathogen survival in external environments and favours its culturable state in the mixed biofilm versus the viable but not culturable state in the monoculture biofilm [8, 22, 65] .
There is sufficient data that the regulation of biofilm formation process is mediated by interbacterial signals -quorum sensing (QS) by means of small diffusion active molecules produced by the bacteria, called autoinducers. The autoinducers accumulate in the environment and after reaching the threshold concentration they diffuse back into the bacteria and regulate the transcription of specific genes. Inter-bacterial signaling allows to bacteria to coordinate the gene expression, and through cell density -the behavior of the entire community [10, 62, 78] . The quorum sensing has significant importance for biofilm formation potential of many bacteria. The biofilm structure, where the cells are close one to another, supports cell-to-cell signaling. The results from this multicellular behavior, such as biofilm formation, swimming and swarming, contribute to bacterial pathogenesis. For example, it was found out QS-control on swimming and swarming mobility of Yersinia enterocolitica [3] and that the flagella are important for the initializing of the process of biofilm formation [28] .
Biofilm control strategies
It is generally known, that the attached bacteria exhibit greater tolerance to antimicrobial agents compared to the planktonic cells in the water [7, 34, 35, 39] . Depending on the type of bacterial species and the type of biocide it has been found that achievement of the same degree of reduction of the attached cells requires from 1 to 1000 times higher concentrations of biocide and from 20 to 2160 times longer reaction time compared with the planktonic cells [7] . Among the oxidizing biocides used for the disinfection of drinking water, the chlorine has from 150 to 3000 times higher biocidal effect on the suspended bacteria in comparison with the attached cells, while the effect of chloramine was from 2 to 150 times higher [35] . The increased resistance of the attached bacteria can be explained with difficult penetration of biocide into the biofilm matrix, a low rate of bacterial growth, acquisition of resistant phenotypes and presence of resistant cells, as well with a higher bacterial density of the biofilm [18, 21, 35, 39, 73] . The frequency of mutations of biofilmassociated bacteria is significantly higher compared with planktonic compartment and an increased horizontal gene transfer is established in the biofilm, which explains the acquisition of multiple resistance to antimicrobial agents [21] . The antimicrobial resistance is intimately related to the threedimensional structure of the biofilms and with their heterogeneity; it has a multifactorial nature as a result of accumulation of a number of different acting mechanisms [7, 21] .
The ability of drinking water-associated biofilms to provide protection against environmental stress and increased resistance to antimicrobial agents is a major challenge in implementation of technologies and tools for biofilm control in drinking water supply systems. Moreover, the resistance of mixed biofilm usually is enhanced by the coexistence of majority of species and these synergistic protective effects of the biofilm are of practical importance in selection and evaluation of the effectiveness of the various technological approaches for antimicrobial treatment [7, 34, 60, 73] . The tolerance of biofilms to higher concentrations of biocides determines the need of new strategies, which to replace or supplement the action of conventional disinfectants, for example, targeting to dispersion of the extracellular matrix or to enhancement the antimicrobial sensitivity [5, 7, 21] . It is believed, that the extracellular DNA (eDNA) as a component of the biofilm matrix may be a promising target for biofilm control [44, 51] . Application of enzymatic degradation of the eDNA can prevent, disperse or increase the biofilm sensitivity to antimicrobial agents [21, 66] .
There is evidence that interspecies interactions in biofilms can radically change the response of community under toxic exposure [34, 60] . It has been observed that the higher tolerance to antimicrobials mostly is a contribution of the inhabiting resistant species to protection of the entire biofilm community than a result of the selection of bacterial species acquiring resistance, while such phenomenon on the community level is absent in the mixed planktonic cultures [34] . The mechanisms involved in protection of pathogenic species by the resident microflora of the multispecies bacterial biofilms include interspecies signaling, interaction between biocide molecules and the biofilm matrix, or the physiology and genetic plasticity, associated with a spatial biofilm arrangement [56] .
Considering the contribution of bacterial signaling for virulence and biofilm formation of pathogens, the researchers suggest that the inhibitors of quorum sensing (QSI) can be used for regulation. The interference into the quorum sensing system by inhibition or attenuation of bacterial communication underlies the new strategies for control of pathogenic bacteria [12, 21, 31, 62] . While antibiotics kill or inhibit the growth of bacteria, the inhibitors of quorum-sensing and the attenuation agents (quorum quenchers, QQ) reduce the bacterial virulence by regulating the quorum sensing responsible for its expression [5] .
Although the systems of cell-to-cell signaling used by the particular bacteria are unique in themselves, they all share a common mechanism, involving production, accumulation and detection of the signal. The effect of the inhibitors of quorum sensing is directed to at least one of these stages and causes degradation and inactivation of the quorum sensing, inhibition of the biosynthesis of QS-signal or inhibition of the detection [31] . The mechanisms to influence the water-associated biofilms through the system for interbacterial communication may include: a) enzymes that inactivate the QS-signaling molecules (signal-degrading enzymes); b) inhibitors of the receptor proteins for the signal; c) blocking the production of signaling molecules [17, 31] . The signaling molecule N-acyl-homoserine lactone (AHL) is a key factor in biofilm formation process [62] and the enzymes that may inactivate the synthesized signaling molecules are possible inhibitors of quorum-sensing. Therefore, the destruction or attenuation of the signaling molecules, participating in the process of interbacterial communication through appropriate enzymes is a promising approach to controlling the bacterial virulence [12] .
The production of enzymes for quenching the interbacterial signaling is detected in the quorum sensing and non-quorum sensing bacteria. The presence of such enzymes in bacteria with quorum sensing activity can attenuate their quorum sensing, leading to blocking unnecessary gene expression and pathogenic phenotypes. In most non-quorum sensing bacteria the enzymatic activity for attenuating the inter-bacterial signaling is associated with capability to metabolise the signaling molecules as a source of carbon and nitrogen [12, 31] .
The enzymes inhibiting the inter-bacterial signal are grouped into two classes. Class I includes enzymes that break down the AHL-signal moleculelactonase, acylase and paraoxonase. Lactonase is an enzyme widely distributed among bacteria, having broad substrate specificity. It is established in Bacillus, Agrobacterium, Rhodococcus, Streptomyces, Arthrobacter, Pseudomonas and Klebsiella, while the enzyme acylase is detected in Pseudomonas, Ralstonia, Comamonas, Shewanella and Streptomyces. Class II includes the enzyme oxidoreductase, that reduce the carbonyl group to a hydroxyl one. Oxidative or reducing activities of the enzyme on the side hydrocarbon chain of autoinductor AHL catalyze modification, rather than destruction of the signal molecule. Such modification may affect the specificity of AHLsignal and its recognition, thus disturbing activation of the QS-mediated genes regulated by a particular AHL. However, the limited number of enzymes for inhibiting the inter-bacterial signaling, that have been characterized, create a need of a thorough clarification of their diversity and role in microbial communication [12] .
In addition to the quest for signal-degrading enzymes, the studies on the inhibitors of quorumsensing are predominantly focused on their structural similarity with the signaling molecules, thereby blocking the receptor proteins for the signal and prevent activation of target gene expression [17] . In the searching for suitable compounds it has been found that the natural furanones and their synthetic analogues successfully inhibit the bacterial signaling in vivo and in vitro. It is related to their AHL-antagonistic activity as a result of structural similarity with AHL molecule. These QS-inhibitors from furanone type are able to inhibit the biofilm related phenotypes, such as swarming, flagellar motility, extracellular production of surfactants, and as a result to control attachment and biofilm formation of some bacterial species [17] . Natural products, such as extracts of fruits (citrus, blueberries, blackberries) and extracts and oils of vegetable materials (vanilla, garlic, clove, cinnamon, turmeric, rosemary) have proven inhibitory effects [10, 12, 31] . It is found that vanillin (4-hydroxy-3-methoxybenzaldehyde) shows significant inhibition of short-chain and long-chain AHL molecules and inhibits the biofilm formation, despite the absence of antibacterial activity [10] . Sub-inhibitory concentrations of curcumin (independently from turmeric as a source) affect the quorum sensing of Ps. aeruginosa, leading to reduced biofilm formation and production of virulence factors [31] . Inhibition of QS-systems can also be accomplished by blocking the production of signaling molecules. Since the degree of bacterial attachment is related to the content of autounductor AI-2, the interruption of its production is seen as an alternative way to control of the multi-species biofilm [17] .
The diversity of bacterial species and their association in the biofilm community enhance their resistence and functional adaptability. The higher resistance of the mixed biofilms is associated with an alteration in the consortium of the participating bacterial species and their individual role, and may be due to resistence of one or two key strains. There is evidence that specific components secreted from one bacterial species in the biofilm matrix can benefit the entire population -for example, by performing a bridging function in the inter-species co-aggregation to provide stability of the biofilm matrix [42, 59] or the enzymes secreted by one bacterial species to confer tolerance to the other species in multi-species biofilm community [7] . The amyloids, other protective components of the matrix, are specific class of highly aggregated proteins, associated with bacterial functions as adhesion, cohesion and interaction with the host [56] .
The studies of Simoes et al. (2010) show that the multi-species biofilms formed by the bacterial strains Acinetobacter calcoaceticus, Burkholderia cepatia, Mycobacterium mucogenicum, Methylobacterium sp., Sphingomonas capsulata, Staphylococcus sp., isolated from drinking water, are much more resistant to inactivation with sodium hypochlorite and biomass removal in comparison with mono-species biofilm of the individual species. Only the mono-species biofilm of Acinetobacter calcoaceticus is inactivated completely by active chlorine, while the multi-species biofilms formed with participation of all investigated bacterial strains are the most resistant. It has been also observed that the interspecies interactions in the biofilms can greatly impact the ability of the individual bacterial species to attach to and involve in the biofilm community, as well their individual susceptibility to the disinfectant [60] . Undoubtedly, the presence of pathogens in the multi-species biofilm community can be influenced by the other participating bacteria, i.e. it depends on the characteristics of the coexistening partner strains. For example, co-existence of Ps. fluorescens and S. enterica in a common biofilm enhance their survival under water chlorination by increasing their individual resistance to the disinfectant. A logical approach for limitation the virulence of biofilm is to prevent inclusion of potentially pathogenic organisms, that in turn relies on the bacterial species pre-colonizing the biofilm. Therefore, identification of such dependencies for each specific pathogen and the target elimination of the pre-colonizing species, that may have influence, can be considered as possible mechanisms for pathogen control. Many pathogenic bacteria are secondary colonizers and attach to the already existing biofilms by means of adhesins, thus, the limitation/blocking of their binding may alter the composition of the community and could make it more harmless [56] .
Bacterial resistance to antibiotics (AB) is an increasing threat to public health and the environment. The latest studies show that the aquatic ecosystems are reservoir of resistant bacteria and genes of antibiotic resistance and a possible way for their transmission to human pathogens [4] . Despite the huge information about water contamination with antibiotics and their effects on the aquatic microorganisms, the contribution of the waterassociated biofilms for acquisition and dissemination of antibiotic resistance is not fully understood. It is known that the high population density and the close cell-to-cell contacts increase the probability for genetic exchange between the bacterial species and makes the biofilms hotspots for acquisition of AB resistance. The chronic exposure to sub-inhibitory concentrations of AB exerts selective pressure on the biofilm bacterial communities and promote acquisition and spread of AB resistance [12, 21] . At the concentrations lower than the minimal inhibitory concentration, the antibiotics act as signaling molecules to a variety of processes, as well for directing the cellular response to enhancement of horizontal transfer and dissemination of the genes of AB resistance. A greater accumulation of the genes of AB resistance in the biofilm than in the planktonic population is observed, but the available information on the actual capacity of the aquatic bacteria for transmission of antibiotic resistance to potentially pathogenic bacteria is still insufficient [4] .
Conclusion
The review of the state of the research is an attempt to summarize, albeit partially, information on the dissemination of pathogenic bacteria in natural and drinking waters, focusing on the drinking water-associated biofilms. While the fate of opportunistic pathogens, such as Mycobacterium avium, Legionella pneumophila and Pseudomonas aeruginosa in water and in biofilms is relatively well understood, the some emerging pathogens, which have an increased frequency of occurance in various sources of drinking water, such as Campylobacter coli, Campylobacter jejuni, Yersinia enterocolitica, E. coli O157:H7, etc., are insufficiently studied. The studies on the biofilm-forming potential of these pathogens in natural and drinking waters are very few and the effect of their interactions with the autochtonous aquatic bacteria on their inclusion and survival in the multi-species bacterial biofilms is insufficiently understood. In addition, the data on the mechanisms for increasing the antimicrobial resistance of the pathogens incorporated into the water-associated biofilms and the possible approaches for biofilm control outline the guidelines for seeking solutions for limitation of their impact on the drinking water quality, respectively on the consumers' health.
